Objectives-Objective measures are needed to guide the novice's pathway to expertise. Within and outside medicine, eye tracking has been used for both training and assessment. We designed this study to test the hypothesis that eye tracking may differentiate novices from experts in static image interpretation for ultrasound (US)-guided regional anesthesia.
H istorically, educational research has relied on subjective testretest and self-assessment methods to infer learning. Similarly, training programs commonly use evaluations from instructors or a threshold number of procedures to determine trainees' milestone achievement and competence. Objective measures of learning are needed to guide the individual learner's pathway from novice to expert. Validated tools attempting to quantify learning achievement in regional anesthesia have been developed, including multiple-choice tests, 1 checklists and global rating scales, 2, 3 and hand motion analysis. 4, 5 However, many of these tools are labor intensive to implement, rely on subjective ratings, and, importantly, do not explore visual processing, a key aspect of ultrasound (US)-guided regional anesthesia. Eye-tracking technology has been used on a limited basis in some fields of medicine, nursing, and athletics for both training and assessment. [6] [7] [8] For procedural and visual-based tasks, eye tracking holds great promise as a tool for monitoring training progress toward the development of expertise. By recording the direction of a user's gaze and relationship to an area of interest (AOI), eye-tracking technology provides an objective tool for measuring visual patterns. Although gaze patterns captured by eye tracking are not equivalent to cognition, it may bring educators one step closer to making the thought processes of an expert explicit and therefore provide insight into how to guide learners.
Until recently, eye tracking has not been applied to the field of US-guided regional anesthesia. A recent proof-of-concept study using eye tracking demonstrated quantitative and qualitative differences in visual processing between a novice and an expert performing a simulated paravertebral block in a phantom model. 9 We designed this study to further explore the feasibility of using eye tracking to quantify expertise and test the hypothesis that eye tracking will differentiate novices from experts in static image interpretation for US-guided regional anesthesia.
Materials and Methods
This observational study was approved by the Institutional Review Board (Stanford, CA) and Veterans Affairs Research Committee (Palo Alto, CA).
Participants
From October to December 2016, we recruited a convenience sample of first-year anesthesiology residents (novice group) and faculty members in regional anesthesiology and acute pain medicine (expert group) to voluntarily participate in the study. All participants were recruited from a single university-affiliated Veterans Affairs hospital and provided informed consent. Novice participants were included if they were in their first clinical year of anesthesiology residency and had not yet completed a regional anesthesiology rotation. Inclusion criteria for experts were as follows: (1) having specialized hospital privileges to practice regional anesthesiology and acute pain medicine; (2) frequent teaching of fellows in regional anesthesiology and acute pain medicine (at least 3 times per month); and (3) having no involvement in the design of the study or other study procedures. Recruits were excluded if they could not be successfully calibrated on the eye-tracking glasses. No participants received remuneration.
Baseline Data
All participants completed a survey developed by Udani and colleagues 10 describing their familiarity with USguided anesthesiology procedures. Novices were also asked to quantify the number of US-guided procedures (vascular access and nerve blocks) that they had performed previously. All participant data and performance analyses were anonymized and kept confidential.
Experimental Setting
For the experimental session, each participant was seated in a private office in front of a 50-inch high-definition (1080p) plasma television screen (Panasonic, Kadoma, Japan). The distance between the seated participant and the television screen was held constant for all participants at 56 inches ( Figure 1 ). Lighting was kept constant for all participants, with half of the overhead lights in the office turned off and the other half turned on during data collection to reduce glare on the screen and optimize visualization of the US images while still allowing successful calibration of eye-tracking glasses, which required some amount of ambient light. 
Eye-Tracking Calibration
All participants were fitted with Tobii Glasses 2 eyetracking glasses (Tobii, Karlsrov€ agen, Sweden). Eyetracking glasses use corneal reflection to determine the focus of the person's gaze. 6 They were calibrated to each individual participant by having the participant focus on a black-and-white target at arm's distance per the product instructions while wearing the glasses and running the calibration function on the eye-tracking software (Tobii Pro Glasses Controller). If a participant was initially unable to successfully calibrate the glasses, a variety of different-sized nose bridges made for the Tobii eyetracking glasses were serially trialed until the individual successfully calibrated the glasses to his or her gaze. If no available nose bridge enabled successful calibration of the eye glasses, the individual was removed from the study.
Examination
After calibration, participants were instructed that they would be shown a series of 5 static US images of preselected anatomic regions that may be encountered during the practice of US-guided regional anesthesia. These images were embedded within a slide show (PowerPoint, Microsoft Office; Microsoft Corporation, Redmond, WA), and participants were asked a standardized anatomy-based question pertaining to each image using a written script. Images were selected by an investigator located at a different institution and uninvolved in data collection (A.D.U.) from 31 images included in a published US-guided regional anesthesia handbook. 11 Questions and answers were developed and iteratively tested by 4 investigators who were not study recruits. The answer to each question was always a specific location on the sonogram, defined as the AOI. Participants received explicit instructions to provide an answer to each question by pointing a handheld laser onto their selected area on the screen and stating "final answer." Participants could ask for the question to be repeated and could take as much time as they wanted to answer. Participants wore eye-tracking glass throughout the experiment, and their eye movements were recorded. The anatomic regions, AOIs, and respective assessment questions are shown in Figure 2 .
Outcomes
The primary outcome was the total gaze time in the AOI (seconds). Secondary outcomes were the total gaze time outside the AOI (seconds), total time to answer all questions (seconds), and total time to first fixation on the AOI for all questions (seconds). Time was started at the end of the quiz question being read and stopped when the participant said "final answer." Participants' answers to questions were also recorded.
Statistical Analyses
Gaze data were analyzed with Tobii Pro Lab Analyzer. Statistical analyses were performed with NCSS-PASS software (NCSS, Kaysville, UT). Descriptive statistics were obtained, and normality was determined by the Kolmogorov-Smirnov test. Continuous variables were analyzed by the Student t test for normal distributions or the Mann-Whitney U test for non-normal distributions. Categorical variables were compared by the v 2 test or Fisher exact test when applicable (n < 5 in any field). The total time to answer and total time to first fixation were plotted on Kaplan-Meier survival curves and analyzed by the log-rank test. All P values were 2 sided, and P < .05 was considered statistically significant.
Results
A convenience sample of 12 participants, 6 novices and 6 experts, were recruited. One novice and 1 expert were excluded because of unsuccessful calibration of the eyetracking glasses, which was attributed to their prescription eye glasses despite using all possible nose bridges. The remaining 5 novices and 5 experts completed all study procedures, and their baseline characteristics are shown in Table 1 . Only 1 of the 5 novices had performed any US-guided peripheral nerve blocks, and his experience was limited to 5 supervised US-guided regional anesthesia procedures.
Primary Outcome
The primary outcome, total gaze time (mean 6 SD) in the AOI, was not different between groups (7 6 4 seconds for novices and 7 6 3 seconds for experts; P 5 .150).
Secondary Outcomes
The gaze time outside the AOI (unfocused time) was greater for novices (75 6 18 seconds versus 44 6 4 seconds for experts; P 5 .005). The total time to first fixation in the AOI and total time to answer the 5 standardized questions were both shorter for experts compared to novices (Figure 3) . Experts answered 3 6 1 questions correctly compared to 2 6 1 for novices 
Qualitative Analysis of Expert Versus Novice Eye Movement
When qualitatively comparing the visual search pattern of experts and novices, the experts' gaze was quickly drawn to more anatomically relevant structures within the image. In the case of the supraclavicular block (Figure 4) , participants were asked where they would place a local anesthetic for a fifth-digit fracture open reduction and internal fixation. Although both groups spent time dwelling within the AOI, the experts' gaze tracked more quickly to the subclavian artery, surrounding divisions of the brachial plexus, and "corner pocket" 12 between the artery and first rib (Figure 4 ). In comparison, the novices' gaze generally spent more unfocused time fixating on irrelevant surrounding structures (Figure 4 ). Similar patterns were seen at other sites. At the transverse abdominis plane block, experts quickly tracked to the correct plane and correct muscle layer, whereas the novices' gaze tended to be scattered indiscriminately across all 3 muscle layers.
As the anatomic questions asked of participants became more challenging, experts' gaze patterns were not as distinguishable from those of novices. In the case of the paravertebral block ( Figure 5 ), participants were asked which bony prominence was the most cephalad, which required detailed anatomic knowledge of the anteroposterior course of the costotransverse ligament. Although the time spent in the AOI was not different, novices spent more unfocused gaze time within irrelevant superficial tissues that experts ignored.
Discussion
This study provides evidence that experts in US-guided regional anesthesia take less time to identify sonoanatomy of interest and have a more focused gaze pattern compared to novices when viewing standardized static images. To our knowledge, our study is the first to establish the utility of eye-tracking technology in the objective measurement of a US-guided regional anesthesia skill. The results of our preliminary experience suggest that achievement of expertise in image interpretation for USguided regional anesthesia represents an efficiency in gaze that can be attributed largely to elimination of unfocused time by ignoring visual distractions.
Within the field of US-guided regional anesthesia, our findings support the findings made by Harrison and colleagues 9 in their initial feasibility study using eyetracking technology to differentiate novice from expert performance of a simulated paravertebral block. They speculated that novices may focus disproportionately on Table 1 "visually salient" points (areas of high contrast or brightness) within an image instead of "cognitively salient" points (areas of value) when performing a US-guided regional anesthesia task, 9 and our study provides some support by showing that experts spend less time gazing outside the AOI compared to novices. Our study builds on the preliminary work by Harrison and colleagues 9 by comparing two groups, novices and experts, using a parallel-arm prospective design. In addition, we deconstructed the process of performing a US-guided regional anesthesia procedure and focused solely on the task of US image interpretation using eye-tracking technology. Ultrasound-guided regional anesthesia as a whole is a complex subspecialty and consists of many technical and nontechnical skills, 13 and eye tracking will not be applicable to all of them. Understanding and quantifying the development of expertise in each skill separately will be necessary to establish competency criteria for milestone achievement by future trainees.
Previous research in procedural specialties has demonstrated the limitations of other measures and value of eye tracking in making the thought processes and behaviors underlying expertise explicit. In a study of surgeons, Harvey and colleagues 14 showed that highly experienced and less experienced surgeons may not be distinguishable solely on the basis of the time to complete a task alone. However, while dissecting the recurrent laryngeal nerve in cadavers, eye-tracking can show that surgeons with more experience fixate longer on structures of interest and have characteristic slowing down of the gaze just before a critical action (referred to as "quiet eye") compared to less experienced surgeons.
14 The authors noted that, similar to our study's findings, less experienced participants devoted excessive and unnecessary attention to irrelevant visual stimuli, and this propensity is an identifiable obstacle that experts have learned to overcome. 14 With the emphasis on static US image interpretation related to US-guided regional anesthesia, our study may be more readily compared to studies within the realm of visual diagnostic medicine. A study of pathologists analyzing breast tissue for cancer similarly found no difference between novice and expert fixations within an AOI but noted significantly more fixations within visually salient, but diagnostically irrelevant, areas by novices. 8 In a study of radiologists involving the identification of polyps on 3-dimensional computed tomographic colonography, similar to our study, experts achieved a faster time to the first fixation on the AOI. 15 Eye-tracking researchers in diagnostic radiology and cardiology are constructing comprehensive models of expert behavior for image and electrocardiogram interpretation, respectively, that may be taught to trainees. 16, 17 Objective assessment of the differences in gaze patterns between novices and experts using eye tracking provides crucial feedback that may directly influence the process of training in US-guided regional anesthesia. In surgery, Wilson and colleagues 18 have shown that novices can be trained to gaze like an expert (ie, using smooth, swift gaze transitions and quiet eye fixations) by studying an expert's gaze pattern during a task, and this training results in the trainee's faster completion of a simulated laparoscopic surgical technique compared to more traditional methods of training. Quiet eye training has also been shown to be more effective than traditional training for teaching surgery residents to tie sutures, especially under high stress conditions. 7 There were important limitations to this study. First, the sample size was small and not based on an a priori sample size estimate. With no previous studies involving eye tracking and US-guided regional anesthesia, we did not have sufficient data with which to base an assumed difference. In addition, our experimental setup was located in a single office, which required accessibility by all participants; therefore, we recruited only expert faculty from the one hospital and anesthesiology residents assigned to rotate at this hospital during the study period.
Second, generalizability is limited to static images of the sonoanatomy relevant to standardized techniques assessed in the study and should not be extrapolated to other anatomic regional anesthesia sites. The use of a large-screen television aided the eye-tracking system but was clearly different than the screen available on a portable US machine; in addition, the participant could not adjust the image in the experimental design as one could on a US machine interface. The images included in the study were from a previously published source, and the use of other sample images obtained from different US machines may generate different results. Furthermore, the ability or inability to answer questions correctly in our experiment may not directly reflect clinical practice and may explain why we did not find a statistically significant difference between experts and novices. For example, the question related to paravertebral sonoanatomy asked which structure was the most cephalad transverse process instead of simply identifying the location of the superior costotransverse ligament. Although the latter was initially assigned the AOI, it did not work for subsequent analysis because the actual size of the target (the ligament) was too small. Being able to identify the most cephalad transverse process was considered an advanced question because it required deeper anatomic knowledge and logic using only the image provided. However, in the clinical setting, the experienced regional anesthesiologist would have had other ways to determine the orientation. This additional layer of answering a question correctly required cognitive processing beyond simply identifying sonoanatomy.
Last, correct identification of sonoanatomy on static images should not be equated to expertise in US-guided regional anesthesia. An expert in US-guided regional anesthesia must demonstrate a range of technical and nontechnical skills, including but not limited to knowledge of the risks and benefits of US-guided regional anesthesia techniques in the context of individual patients' comorbidities and surgical indications, patient counseling skills, application of the principles of US physics, US image interpretation, needling and catheter insertion techniques, and multimodal acute pain management within the context of perioperative medicine.
In summary, eye-tracking technology is a potentially useful tool for differentiating novices from experts in the domain of static US image interpretation, a requisite skill in the field of US-guided regional anesthesia, and may represent an objective measure to benchmark a trainee's progress toward expertise. Our preliminary study represents the first step toward validating eye tracking as an objective measure in anesthesiology education and makes a compelling case for future studies.
